ABSTRACT: We have synthesized the information on marine and lirnnetic bacterial biomass carbon (BOC) and phytoplankton biomass carbon (PhytoC) to examine the relationships between these major biotic carbon pools. On the basis of 6 limnetic and 6 marine studies we found a good similarity for the correlations of BOC vs PhytoC in both systems although the slope was substantially lower than for sim~lar correlations on the basis of bacterial abundance and chlorophyll a. Limnetic systems, however, differed from marine systems In that they supported more BOC relative to PhytoC, as indicated by signlficantly higher y-intercepts of the correlation (p < 0.001). Our dnalysis also generalizes findings from manne to limnetic environments that the food-web structure in oligotrophic systems is fundamentally different from eutrophic systems, e.g that BOC/PhytoC dramatically increases with decreasing PhytoC concentrations. This has impl~cat~ons for the significance of planktonic bacteria in particle abundance and size-dependent properties of lakes and oceans such as trace metal and radionuclide adsorption, biogeochernical dynamics and in light scattering and remote sensing.
INTRODUCTION
The flux, cycling and sedimentation of elements and energy are key processes in pelagic ecosystems and have been studied extensively during the past 20 yr in marine and limnetic environments. Heterotrophic planktonic bacteria have been found to be an important component of these ecosystems. Their production often equals 20 % of planktonic primary production (Cole et al. 1988) and their carbon demand can be equivalent to 40 to 60 % of phytoplankton carbon fixation. It is well established that marine and limnetic ecosystems exhibit differences in their physical, chemical, and foodweb structure although they also share common features. Pelagic limnetic systems usually are more closed systems in which water movements are less pronounced than in the ocean but allochthonous sources are more important for nutrient inputs than in marine pelagic systems (Hobbie 1988) . The species composition of marine and freshwater phytoplankton, for instance, shows pronounced differences although the ecological role in the 2 types of systems is similar (Kilham & Hecky 1988 , but see Baines & Pace 1991) . Whereas the growth of marine phytoplankton usually is N-limited, limnetic phytoplankton are usually Plimited (Hecky & Kilham 1988 ) although exceptions occur in marine environments (Krom et al. 1992) as well as in lakes (see references in Dodds et al. 1991) . This may lead to some differences in the relation between photosynthesis and extracellular release of photosynthetic products between these systems (Baines & Pace 1991) . The species diversity of marine metazooplankton is much greater than that of limnetic zooplankton. For example, mucus-feeders are not represented among the limnetic zooplankton. On the other hand, limnetic crustacean zooplankton comprise relatively more cladocerans than copepods which dominate in marine waters (Lehman 1988) . The proto-zooplankton as the major consumers of bacterial production in lakes and the ocean appear to be fairly comparable in both environments although distinct features are not well studied (Hobbie 1988 , Lehman 1988 , Weisse 1991 . Also the ecological role of planktonic bacteria in both ecosystems appears to be comparable despite structural and physiological differences (Hobbie 1988) .
In eutrophic marine and limnetic ecosystems, bacterial biomass carbon (BOC) has been found to typically comprise 3 to 20 % of total microbial biomass (e.g. Fuhrman et al. 1980 , Schleyer 1981 , Pedros-Alio & Brock 1982 , Riemann et al. 1982 , Holligan et al. 1984 . In meso-to oligotrophic marine and limnetic environments BOC comprises the major fraction of particulate organic carbon (POC; Simon & Tilzer 1987. Cho & Azam 1988 ) and even dominates the phytoplankton carbon (PhytoC; Hessen 1985 , Simon & Tilzer 1987 , Fuhrman et al. 1989 , Cho & Azam 1990 ). There is also recent evidence that in the oligotrophic ocean bacterial biomass contributes greatly to scattering of light which has significant implications for remote sensing (Stramski & Kiefer 1990 , More1 1991 . Further, it has been suggested that in the pelagic ocean the bacterial surface area may dominate the biotic adsorptive surface for trace metals and radionuclides and that bacteria may play an important role in biogeochemical dynamics of trace metals and radionuclides (Cho & Azam 1988 , Azam et al. 1992 ).
In view of the similarities and differences between lakes and oceans as phytoplankton and bacterial habitats it is important and of interest to compare their biomasses in these habitats. Despite of this only few studies have examined and compared relationships of planktonic bacteria to other important components of the trophic structure in limnetic versus marine ecosystems; mainly bacterial abundance has been compared to chlorophyll (Bird & Kalff 1984 , Cole et al. 1988 .
The purpose of this paper is to synthesize the information on marine and limnetic BOC and PhytoC to examine the relationships between these major biotic carbon pools in the 2 types of environment. Much less data are, however, available on simultaneous measurements of BOC and PhytoC than on bacterial numbers and chlorophyll. Our analysis shows that limnetic systems relative to marine systems tend. to sustain higher bacterial biomass in relation to PhytoC although the general relationships between these carbon pools are remarkably similar in both systems.
MATERIALS AND METHODS
Biomass data of both bacteria and phytoplankton were taken from 12 studies of which 6 were marine and 6 limnetic ( Table 1) . Chl a: C conversion factor confirmed by independent PhytoC measurements
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Bacterial biomass. In all studies, BOC was calculated from bacterial cell numbers determined by epifluorescence microscopy according to Zimmermann & Meyer-Reil (1974) and Hobbie et al. (1977) . and measured cell volumes and/or literature values for cell carbon. Volumes were determined from sized bacteria on enlarged epifluorescence or scanning electron micrographs. Only BOC data from Malone et al. (1986) and Cho & Azam (1990) had been calculated with recently established C:cell volume ratios (280 fg C pm-3, 20 fg C cell-'; Lee & Fuhrman 1987) . In other studies in which unrealistically low C :cell volume ratios had been applied bacterial cell carbon was recalculated by the equation y = 104.5~"' and a C : protein ratio of 0.86 (Simon & Azam 1989) ; X denotes cell volume and y cell protein. In the study of Fuhrman et al. (1985) in the Southern California Bight of the Pacific no cell volume data had been included. Since the mean cell volume of planktonic bacteria In this area has been reported to be 0.05 pm3 (Fuhrman et al. 1980 ) BOC was calculated on this basis. Chrost et al. (1989) used ATP X 250 for estimating BOC. Although the use of ATP as a biomass estimator has been criticized on the basis of variations in C:ATP ratios (Karl 1980) this study was included to test whether or not ATP-based data fit the general pattern determined on the basis of microscopic counts.
Phytoplankton biomass. Cell volumes were converted to PhytoC by using a C : cell volume conversion factor of either 100 fg C pm-' (Pedros-A116 & Brock 1982 , Ri.emann et al. 1982 , Holligan et al. 1984 , Hessen 1985 or 150 fg C pm-3 (Rocha & Duncan 1985, Vadstein et al. 1988) . Chlorophyll a (chl a) was also used for estimating PhytoC. Cho & Azam (1990) used a C:chl a ratio of 47 which was confirmed by independent PhytoC measurements. In Lenz (1977) and Fuhrman et al. (1985) only chl a concentrations were given. For these studies PhytoC was calculated from chl a using a C:chl a ratio of 50 (Eppley et al. 1977) . We are aware of the problems in estimating PhytoC from chl a concentrations due to varying C:chl ratios (Banse 1977 , Eppley et al. 1977 , Riemann et al. 1989 . Therefore, we did statistical analysis with and without the chl a-based PhytoC data. Data of Chrost et al. (1989) were based on estimates of PhytoC as ATP X 276.
Statistical analysis. We did correlation analyses of all data together, of marine data and limnetic data separately. Linear correlation equations were established with least squares regression analysis after log-log transformation. After testing the data sets for lognormal distributions the data were fitted to the model logY = a + blogX. Statistical analysis was done using an SAS statistic software package (SAS Institute, Cary, NC, USA).
RESULTS

Relationships between phytoplankton and bacteria
PhytoC data covered a range of more than 3 orders of magnitude and BOC data more than 2 orders of magnitude (Table 2 , Fig. 1 ). Lowest marine PhytoC and BOC concentrations are from the Central Pacific and the Southern California Bight (Cho & Azam 1990) , and lowest limnetic values from Lake Constance, Germany (Simon & Tilzer 1987) , respectively. Highest limnetic BOC and PhytoC concentrations are from eutrophic lakes (Riemann et al. 1982 , Vadstein et al. 1988 , Chrost et al. 1989 whereas highest marine PhytoC values are from the Chesapeake Bay, USA (Malone et al. 1986) . Lake Constance and the Central Pacific exhibited highest limnetic and marine BOC/PhytoC ratios, respectively ( Table 2) .
PhytoC concentrations varied much more than BOC concentrations, between 25-and 74-fold more ( Cole et al. 1988 , Cho & Azam 1990 . The slopes of the correlations of the marine and limnetic data do not show statistically significant differences whereas the y-intercept of the limnetic data is significantly higher (p < 0.001). This is the reason why the correlation of all pooled data exhibits a slope significantly higher (Table 3 ). The limnetic data set could have been biased by the fact that 48 % of the data are from Lake Constance and exhibit features of this lake which might not be representative of other limnetic ecosystems. Analysis of the limnetic data set of BOC vs PhytoC with and without Lake Constance data showed no significant differences either in the slope or in the y-intercept (p i 0.001). Further, a separate analysis of all volume-based data and including PhytoC estimates from Cho & Azam (1990) and of all data including also chl a-and ATP-based PhytoC estimates indicates no significant difference (p i 0.001). This gave us confidence that including chl a-and ATP-based data did not bias our analysis.
1 Table 2 . Range and mean f standard deviation (SD) of BOC and PhytoC data (pg C 1-l). Abbreviations as in Table 3 . Log-log transformed regression statistics calculated in this study. Variables are PhytoC (pg C I-'), BOC (pg C I-'), and BOC/PhytoC (n = number of data pomts, SSX = sum of squares of the independent variable, p > 0.0001). The correction factor (CF) must be used to convert from log to arithmetic scale by the regression equation; this corrects for an inherent bias of logtransformed regressions (Sprugel 1983) . Abbreviations as in The BOC/PhytoC ratios of both limnetic and marine data increased strongly with decreasing PhytoC concentrationsto values as high as 4 to 16 for PhytoC concentrations <20 pg C 1-' (Fig. 2) . Below 25 pg chl a 1-' the ratios were independent of chl a concentrations.
BOC/PhytoC remained below 1 and for most cases below 0.5 for PhytoC >250 pg C 1-' (Fig. 2B) Fig. 1 biomass appears to be comparable in limnetic and marine pelagic ecosystems and supports conclusions from a literature survey on the ecological role of planktonic bacteria (Hobbie 1988 ) and phytoplankton (Kilham & Hecky 1988 Cole et al. 1988) . These slopes are typically in the range of 0.6 to 0.8 whereas ours are always <0.5. These differences presumably also reflect that we did our calculations on the basis of carbon and took into account the cell size-dependent C:volume ratio at least for bacteria (Simon & Azam 1989) . The varying C:volume ratio has been shown to have a strong impact on the relationship between bacterial cell numbers and bacterial biomass vs bacterial production (Billen et al. 1990 ) and obviously also on correlations between bacterial numbers and biomass vs PhytoC and chl a. The fact that the slopes of our correlations are much lower than those of correlations of bacterial cell numbers vs chl a indicates that relationships on a biomass basis emphazise different aspects of the structure of pelagic food webs than cell numbers and chl a. Interestingly, the y-intercept of the correlation equation was significantly higher in limnetic than in marine systems indicating that limnetic systems support more bacterial biomass relative to PhytoC than marine systems. This is in accordance with results of the crosssystem overview by Cole et al. (1988) on the aerial relation of bacterial production vs primary production. Although Cole et al. did not make separate statistical evaluations of these correlations their Fig. 3 indicates that from the limnetic data set 14 out of 18 points are above the regression line and 11 out of 15 points from the marine data set are below. Hence not only the correlation of BOC vs PhytoC but also that of aerial bacterial production vs phytoplankton primary production suggests a relatively enhanced significance of bacteria in limnetic as compared to marine systems. This may point to the fact that allochthonous substrate sources in addition to pelagic primary production fuel bacterial production in lakes and obviously lead to an enhanced biomass and production of bacteria. The relatively enhanced bacterial biomass as compared to phytoplankton biomass in limnetic vs marine systems may be also the result of further differences between both systems such as the dominance of cladocerans in lakes as compared to copepods in the ocean (Lehman 1988) . Although it has been shown that some cladocerans can graze effectively on bacteria in eutrophic lakes (e.g. Pace et al. 1990 ) they usually tend to graze more on larger organisms such as algae and protozoans, the main consumers of bacteria. Thus, cladocerans may reduce the abundance of algae and bacterial grazers relatively more than that of bacteria. Also, the N-vs Plimitation of phytoplankton growth in the ocean and lakes (Hecky & Kilhanl 1988 , Baines & Pace 1991 ) may have some impact on the enhanced bacterial biomass in lakes. In a literature survey Baines & Pace (1991) found that extracellular release of photosynthates is related differently to phytoplankton primary production in limnetic and marine systems. They attribute this difference to variations between P-and N-limitation in both systems. We note, however, that our analysis only includes P-limited lakes and N-limited marine environments because, to our knowledge, respective data sets from N-limited lakes and P-limited marine systems are not available. Further, the main consumers of planktonic bacteria, protozoans, could also directly control their prey in different ways in lakes and the ocean although the limited number of comparisons with heterotrophic flagellates between lakes and marine systems has no indications for this (Weisse 1991) . It could be possible that different proportions of flagellates and ciliates as bacterial and phytoplankton grazers may be reflected in relatively enhanced bacterial biomass in lakes as compared to marine waters.
Our results generalize findings of Dortch & Packard (1989), Fuhrman et al. (1989) , and Cho & Azam (1990) to limnetic ecosystems: high and low protein/chl a and BOC/PhytoC ratios indicate fundamental differences of the food-web structure in oligotrophic and eutrophic ecosystems, e.g. the increasing dominance of heterotrophic and small organisms (heterotrophic and autotrophic picoplankton) and the microbial loop (Azam et al. 1983 ) in oligotrophic systems (high BOC/PhytoC). In eutrophic systems, in contrast, the grazer food chain is more important (low BOC/PhytoC) as the autotrophic and heterotrophic picoplankton becomes less important with increasing trophic state (Porter et al. 1988) . Mesotrophic ecosystems with large seasonal variations such as Lake Constance cover oligotrophic and eutrophic situations during the course of the seasons with a fairly variable foodweb structure (Weisse et al. 1990 , Geller et al. 1991 , Weisse 1991 .
Recently it has been shown that planktonic bacteria can contribute substantially to light scattering in marine waters (Spinrad et al. 1989, Stramski & l e f e r 1990, Morel 1991). Stramski & Kiefer and Morel also estimated the consequences of their experimental findings for biooptical properties and remote sensing. They conclude that in particular in oligotrophic waters with low phytoplankton biomass ( < l mg chl a m-3) bacteria can contribute significantly to backscattering of light. They also showed that the size distribution of bacteria is important in backscattering properties of the total bacterioplankton. If larger bacteria, e.g. >0.7 l m , contribute substantially to total bacterial abundance and their abundance is comparable to or greater than that of other microbial organisms they may be a major source of backscattering of light (Morel 1991) . In the oligotrophic ocean and even in mesotrophic waters the average size of bacteria is small and fairly constant (ca 0.05 to 0.07 pm3, equivalent spherical diameter 0.4 vm; Lee & Fuhrman 1987 , Simon 1987 . It has been shown, however, that in Lake Constance at times when bacteria dominate the microbial biomass bacterial cells in the size of 1.0 to 3.0 pm can comprise between 5 and 20 % of total bacterial abundance (Simon 1987) . These relatively large bacteria in the size and abundance of autotrophic picoplankton cells thus may have a major impact on light scattering properties (Morel 1991) because even 5 % of bacteria (ca 5 X 104 ml-') would numerically be a large component of the 1 to 3 e m particle fraction. Therefore, the significance of bacteria for light scattering in remote sensing studies should be reconsidered, in the ocean as well as in large meso-and oligotrophic lakes.
Since in oligotrophic lakes, as in the ocean, bacterial biomass dominates the phytoplankton biomass this has implications for the cycling of trace metals and radionuclides in lakes. The dominant adsorptive surface area of bacteria suggests that a major fraction of these materials interacting with organic surfaces (as well as surface-reactive pollutants) would enter the microbial loop via bacteria rather than the grazer food chain via phytoplankton (Azam 1984 , Cho & Azam 1988 . Studies from Lake Zurich (Santschi et al. 1988) and Lake Constance (Robbins et al. 1992) show that the epilimnetic removal of lo3Ru, an anionic radionuclide from the Chernobyl reactor accident, was correlated with the sedimentation of particulate organic matter (POM). Robbins et al. propose that dissolved '03Ru enters the POM pool via transfer to organic colloids, aggregation, and further into the plankton. In this process, but also with other radionuclides and trace metals behaving like '03Ru, bacteria could play a key role because of their high reactive surface and because they are the most important organisms transforming dissolved organic matter into POM. Also, the efficient mineralization of materials by the microbial loop could strongly influence the distribution patterns of surface-reactive pollutants. Seasonal changes in the trophic status of pelagic ecosystems (with respect to BOC/PhytoC) which occur predominantly in mesotrophic lakes could thus fundamentally change the pathways of transfer and transformation of trace metals and pollutants.
Are the relationships we found and hence our conclusions based on reliable assumptions In estimating the carbon pools or are they affected by methodological shortcomings and artefacts? Although most methodological problems which could potentially affect our findings are discussed in Cho & Azam (1990) we want to re-affirm this and add certain points. The relationships between PhytoC and BOC we established are the first in which a varying C:cell volume ratio of bacterial biomass (Simon & Azam 1989 ) has been used. Some data included in our analysis (Malone et al. 1986 , Cho & Azam 1990 ) applied a constant amount of C per cell for cells <0.07 pm3 whereas the other data were recalculated assuming a decreasing amount of C per unit cell volume with increasing cell size for all cell sizes. Since the difference of the 2 calculations for the smallest cell sizes included is <25 %, our general results are not affected. If the ATP-based BOC estimates (Chrost et al. 1989 ) which accounted for 9 % of the limnetic data even include some significant errors this would not influence the general results either.
The general problems of estimating PhytoC from chl a, cell volume, or POC have been discussed elsewhere (Banse 1977 , Eppley et al. 1977 , Rocha & Duncan 1985 , Riemann et al. 1989 , Cho & Azam 1990 ). A conclusion from these studies is that cell volume-based PhytoC estimates are most reliable although C:cell volume conversion factors can also vary depending on the species and its physiological state (Rocha & Duncan 1985 , Riemann et al. 1989 ). In our BOC vs PhytoC analysis 75 % of all data and 91 % of the limnetic data are cell volume-based. Even if the conversion factors applied are not totally accurate this should not affect our genera1 conclusions. The fact that we used 150 mg C ml-' as compared to 100 mg C ml-l for some limnetic PhytoC data (see 'Materials and methods') even smooths the differences between limnetic and marine data by relatively enhancing some limnetic PhytoC values. We wish to point out, however, that we did not take into account a cell size-dependent C:volume ratio for varying sizes of algae (Mullin et al. 1966) . For calculating PhytoC from chl a we either adopted the C: chl a ratio of the reference (Malone et al. 1986 ) or tried to use the most appropriate ratio. Even though the C:chl a ratio can exhibit wide variations (Eppley et al. 1977 , Riemann et al. 1989 an imprecise ratio applied would not change the general conclusions of our results because the major part of the data is cell volumebased. The same conclusion as for chl a holds true for the use of ATP-based PhytoC data (Chrost et al. 1989 ).
In conclusion, we have shown that relationships of BOC to PhytoC in limnetic and marine ecosystems exhibit remarkable similarities but that lirnnetic systems can sustain more BOC relative to PhytoC than marine systems. These findings point to interesting functional similarities between the 2 systems but also to principal differences concerning the substrate sources for the bacterioplankton, e.g. allochthonous v s autochthonous sources. We suggest that bacteria in lakes, as in oceans, may significantly influence the spatial and temporal variability in material (and pollutant) cycling pathways.
